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American Journal of Obstetrics& Gynecology JANUARY 2009here have been many publications
concerning the effects of radiation
n the developing embryo. The subject
ncludes the effects of ionizing radiation
x-rays, gamma rays, internal and exter-
al radionuclides, neutrons) and non-
onizing radiation (ie, electromagnetic
elds of various frequencies, microwave
adiation, communication band radia-
ion, diathermy, lasers, and ultrasound).
xposures to ionizing radiation will be
mphasized in this publication. For fur-
her details the reader is referred to com-
rehensive reviews concerning the ef-
ects of various forms of radiation on the
eveloping embryo and fetus.1-17
When attempting to evaluate the na-
ure and magnitude of the effects of an
nvironmental toxicant like radiation, it
s important to utilize all the available
pproaches and methodologies. The
rocess that our laboratory utilizes in
valuating reproductive and develop-
ental risks is as follows.
ethod of evaluating
llegations of environmental
evelopmental toxicity11
pidemiologic studies
t what exposures do controlled epide-
iologic studies consistently demon-
rom the Thomas Jefferson University,
lfred I. duPont Hospital for Children,
ilmington, DE.
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2009 Mosby, Inc. All rights reserved.Over the past 50 years, our laboratory has provided consultations dealing with the risks of
various environmental toxicant exposures during pregnancy. These contacts were primarily by
telephone or written communications. Since the year 2000, the primary source of consultations
has been via the internet. In 2007, the pregnancy website of the Health Physics Society received
1,299,672 visits. The contacts who downloaded information totaled 620,035. After reading the
website information, 1442 individuals who were still concerned contacted me directly. Unfor-
tunately, we have learned that many physicians and other counselors are not prepared to counsel
patients concerning radiation risks. Approximately, 8% of the website contacts, who had
consulted a professional, were provided inaccurate information that could have resulted in an
unnecessary interruption of a wanted pregnancy.
Research from our and other investigators’ laboratories has provided radiation risk data that
are the basis for properly counseling contacts with radiation exposures. Mammalian animal
research has been an important source of information that improves the quality and accuracy
of estimating the reproductive and developmental risks of ionizing radiation in humans.
What are the reproductive and developmental risks of in utero ionizing radiation exposure?
1. Birth defects, mental retardation, and other neurobehavioral effects, growth retardation,
and embryonic death are deterministic effects (threshold effects). This indicates that these
effects have a no adverse effect level (NOAEL). Almost all diagnostic radiological proce-
dures provide exposures that are below the NOAEL for these developmental effects.
2. For the embryo to be deleteriously affected by ionizing radiation when the mother is
exposed to a diagnostic study, the embryo has to be exposed above the NOAEL to increase
the risk of deterministic effects. This rarely happens when the pregnant women have x-ray
studies of the head, neck, chest or extremities.
3. During the preimplantation and preorganogenesis stages of embryonic development, the
embryo is least likely to be malformed by the effects of ionizing radiation because the cells of the
very young embryo are omnipotential and can replace adjacent cells that have been deleteriously
affected. This early period of development has been designated as “the all-or-none period.”
4. Protraction and fractionation of exposures of ionizing radiation to the embryo decrease
the magnitude of the deleterious effects of deterministic effects.
5. The increased risk of cancer following high exposures to ionizing radiation exposure to
adult populations has been demonstrated in the atomic bomb survivor population. Radiation-
induced carcinogenesis is assumed to be a stochastic effect (nonthreshold effect) so that there
is theoretically a risk at low exposures. Whereas there is no question that high exposures of
ionizing radiation can increase the risk of cancer, the magnitude of the risk of cancer from
embryonic exposures following diagnostic radiological procedures is very controversial. Recent
publications and analyses indicate that the risk is lower for the irradiated embryo than the
irradiated child, which surprised many scientists interested in this subject, and that there may
be no increased carcinogenic risk from diagnostic radiological studies.
Examples of appropriate and inappropriate counseling will be presented to demonstrate
how counseling can save lives and change family histories. The reader is referred to the Health
Physics Society website to obtain many examples of the answers to questions posed by women and
men who have been exposed to radiation (www.hps.org). Then click on ATE (ask the expert).
Key words: cancer, congenital malformations, ionizing radiation risk, pregnancy risks oi: 10.1016/j.ajog.2008.06.032
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www.AJOG.org Obstetrics Reviewstrate or not demonstrate an increased
isk of birth defects, pregnancy loss, or
ther developmental effects in exposed
uman populations?
ecular trend data
o secular trends demonstrate a relation-
hip between the incidence of various de-
elopmental effects and a quantitative
hange in the population exposure? This
ype of ecological analysis can be per-
ormed only if a large portion of the popu-
ation is involved and the actual exposures
re available.
nimal developmental
oxicity studies
oes an animalmodelmimic the human
evelopmental effect at clinically com-
arable exposures? Developmental tox-
city studies are indicative of a potential
azard in general and may or may not
ndicate the potential for a specific effect
n the human embryo or fetus.
ose-response relationship
oes the incidence and severity of devel-
pmental toxicity increase with dose?
oes the developmental toxicity in ani-
als occur at a dose that is equivalent to
he human dose? This is characteristic
or ionizing radiation effects more than
or all other environmental toxicants.
iological plausibility
re the mechanisms of developmental
oxicity understood and/or are the re-
ults biologically plausible?
It is important to emphasize 3 impor-
ant points about this method of evalu-
ting developmental risks.
First, quality epidemiological studies
re the foundation for determining hu-
an risks. It is rare that in vitro studies
r animal studies can refute either nega-
ive or positive findings in epidemiolog-
cal studies if an adequate and well-per-
ormed number of epidemiological
tudies are available.
Second, animal studies involving the ra-
iation of pregnant mammals (mice, rats,
nd rabbits) aremore predictive of human
isks than similar studies attempting tode-
ermine the toxic effects of drugs and
hemicals. Drugs and chemicals, whether
njected or ingested, have to be absorbed,
etabolized by the liver, and transportedy theplacenta,whereas ionizing radiation
roduces its effects bydirectly affecting the
mbryo. There are numerous examples of
ifferences inmetabolism, absorption and
lacental transport of drugs thatmake risk
ssessment of human risks problematic.
hat is not true for ionizing radiation.
Third, biological plausibility is a pow-
rful tool in evaluating environmentally
roduced developmental effects. Figure
is a photograph of a young boy with a
ongenital limb reduction defect (LRD).
his unilateral LRDmost likely is due to
ascular disruption, amniotic band syn-
rome, or a placental embolus to the
imb at midgestation. A similar malfor-
ation, not in this child, was alleged to
ave resulted from an in utero ionizing
adiation exposure. Besides the fact that
here had been no radiation exposure,
his unilateral malformation in a child
ho had a normal birthweight had nor-
al intellect, and a normal head circum-
erence is unlikely to have resulted from
teratogenic exposure to ionizing radia-
ion.18 The 3 key features of radiation
eratogenesis are missing, and it would
e most unlikely that radiation exposure
o an embryo would result in a severe
alformation in 1 arm, leaving the other
rm unaffected. It is simply not biologi-
ally possible.
athologic effects of exposing
he embryo to ionizing radiation
he risks associatedwith exposure to en-
ironmental toxicants during preg-
ancy, including ionizing radiation, can
esult in the following effects; there is no
uestion that all of the threshold effects
entioned below have been observed in
uman populations if the exposure is
igh enough (Table 1).
. Pregnancy loss (abortion, stillbirths,
threshold phenomena).
. Congenital malformations (anatomi-
cal defects; threshold phenomenon).
. Neurobehavioral abnormalities (ie,
mental retardation) (threshold phe-
nomenon).
. Fetal growth retardation (reversible
and irreversible) (threshold phenom-
enon).
. Cancer (stochastic phenomenon,
nonthreshold phenomenon, based b
JANUARY 2009 Aon the linear no threshold hypothesis
for mutagenic agents).
Four of the 5 developmental effects of
rradiation are threshold phenomena
deterministic effects). That means that
FIGURE 1
Child with a congenital
amputation
he most likely causes include an embolus from
lacental tissue during development, vascular
pasms, or other interference of blood flow to the
eveloping arm or the amniotic band syndrome. A
imilar child was involved in a negligence lawsuit
lleging that radiation caused a unilateral congen-
tal malformation of a limb. On the basis of bio-
ogical plausibility, a clinical teratologist or genet-
cist would be able to determine that this child’s
alformation could not have been due to radiation
xposure. As an infant he was normal weight at
irth and had normal head size and normal men-
ality. Therefore, he had none of the features as-
ociated with radiation teratogenesis.
rent. Saving lives and changing family histories. Am J
bstet Gynecol 2009.elow the threshold exposure, the risk is
merican Journal of Obstetrics& Gynecology 5
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6o longer present. Another way of refer-
ing to the fact that a threshold exists is
y determining the no-adverse-effect
evel (NOAEL). That means that the ef-
ect involves many cells (a multicellular
ffect), and, as the exposure is increased,
oth the incidence and the severity of the
ffect increases (Table 2).
TABLE 1
Radiation effects at different stage
Stage, gestation, wks
First and second weeks after first missed
menstrual period (prior to conception)
...................................................................................................................
Third and fourth week of gestation (first
2 wks p.c.)
...................................................................................................................
Fourth to eighth week of gestation
(second to sixth week p.c.)
...................................................................................................................
Eighth to fifteenth week of gestation
...................................................................................................................
Sixteenth week to term of gestation
...................................................................................................................
P.C., preconception.
This shows radiation exposure and risk at different gestationa
with measurably increased incidence of congenital malforma
...................................................................................................................
Brent. Saving lives and changing family histories. Am J Ob
TABLE 2
Stochastic and threshold dose-resp
Phenomenon Pathology
Stochastic Damage to a single
cell may result in
disease
...................................................................................................................
Threshold Multicellular injury
...................................................................................................................
Adapted from Brent RL. The effect of embryonic and fetal e
1989;16:347-699 and Brent RL. Utilization of developmental
Teratology 1999;59:182-204.
...................................................................................................................Brent. Saving lives and changing family histories. Am J Obstet
American Journal of Obstetrics& Gynecology JAStochastic effects primarily describe
he effects of mutagenic agents that
heoretically do not have a threshold
nd relate to the risks of cancer and
enetic effects. Mutagenic agent effects
ave an increased risk as the exposure
ncreases; however, the magnitude or
everity of the effect remains the same.
f gestation
Effect
First 2 weeks after first missed menstrual p
has not yet ovulated.
.........................................................................................................................
Minimum human acute lethal dose (from a
Most sensitive period for the induction of e
.........................................................................................................................
Minimum lethal dose (from animal studies)
After 50 days p.c., greater than 0.50 Gy (50
major malformations and growth retardatio
18-36 days  0.20 to 0.50 Gy (20 rad-50
At 36-110 days  250-500 mGy (25-50 ra
this period is not as severe as during midg
.........................................................................................................................
Most sensitive period for irreversible whole
severe mental retardation.
Threshold for severe metal retardation is 0
occur at lower exposures.
.........................................................................................................................
Higher exposures can produce growth reta
although the effects are not as severe as o
midgestation. No documented risk for majo
dose threshold (from animal studies). At 15
Minimum dose for severe mental retardatio
but decrease in IQ can occur at lower expo
.........................................................................................................................
ses. There is no evidence that radiation exposure in the diagnos
stillbirth, miscarriage, growth, and mental retardation.
.........................................................................................................................
Gynecol 2009.
se relationships of diseases produce
ite Diseases
NA Cancer, germ cell
mutation
.........................................................................................................................
ultiple, variable
tiology,
ffecting many
ell and organ
rocesses
Malformation,
growth
retardation,
death, toxicity,
etc
.........................................................................................................................
ure to x-ray microwaves and ultrasound: counseling the pregn
science principles in the evaluation of reproductive risks from
.........................................................................................................................Gynecol 2009.
NUARY 2009eukemia resulting from a high expo-
ure to radiation is not more severe
han a spontaneously occurring leuke-
ia. As the radiation exposure in-
reases, the risk increases; however, the
everity of the effect remains the same
Table 2). The risks of mutagenic
gents are so small at very low expo-
od. This is preconception radiation. Mother
..................................................................................................................
al studies). Approximately 0.10 to 0.20 Gy.
yonic death.
..................................................................................................................
18 days p.c.  0.25 Gy (25 rad)
d) Embryo is predisposed to the induction of
inimum dose for growth retardation. At
But the induced growth retardation during
tion from similar exposures.
..................................................................................................................
dy growth retardation, microcephaly, and
to 0.50 Gy (35-50 rad). Decrease in IQ can
..................................................................................................................
ion and decreased brain size and intellect,
rs from similar exposures during
atomical malformations. Minimum lethal
eks to term, greater than 1.5 Gy (150 rad).
t 15 weeks to term, greater than 1.50 Gy,
s.
..................................................................................................................
nges (less than 0.10 Gy, less than 10 rad) is associated
..................................................................................................................
by environmental agents
k Definition
me risk exists at
dosages; at low
ses, risk may be
s than
ontaneous risk.
The incidence of the
disease increases,
but the severity and
nature of the
disease remains the
same.
..................................................................................................................
increased risk
low the
eshold dose.
Both the severity
and incidence of the
disease increase
with dose.
..................................................................................................................
and nonpregnant patient about these risks. Sem Oncol
and postconception environmental radiation exposures.
..................................................................................................................s o
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www.AJOG.org Obstetrics Reviewsures that it is frequently impossible to
emonstrate the risk in human studies.
When counseling women and families
f reproductive age, it is important to in-
orm themabout the background risks of
eproductive and developmental effects
or which all healthy women are at
isk.8,10,11,19-23 It is much simpler to
ounsel families concerning the deter-
inistic risks because if the exposure is
elow the NOAEL, it is appropriate to
nform the family that their risks are not
ncreased. For the oncogenic or muta-
enic risks, you can inform the family
hat their risk is very, very small.
If the mother is healthy and has no
ersonal or family history (including the
ather) of reproductive or developmen-
al problems, she must be told the fol-
owing:
“You began this pregnancy with a
3% risk for birth defects and at the
time that you recognized that you
were pregnant, you had a 15% risk
of miscarriage. Those are average
background risks that we cannot
change at this time.”
If the woman is not yet pregnant and
he intends to become pregnant, she
hould be informed to start taking 400
g of folic acid each day and 6 g of vi-
amin B-12 because of the beneficial ef-
ects of folic acid in reducing the risk of
eural tube defects if taken preconceptu-
lly and during pregnancy.
What do we know about the qualita-
ive and quantitative effects of ionizing
adiation on the developing embryo?8,11
adiation effects may be manifested
cutely and result in cell death, embry-
nic death, growth retardation, and ter-
togenesis. Cell death, alterations of the
itotic index, and cell migration can al-
er the growth of the embryo and the de-
elopment of the central nervous system.
ther effects may not be immediately ob-
ious and can be measured or ascertained
nly in thepostpartumoradultperiod.For
nstance,neuronaldepletion,neurobehav-
oral abnormalities, infertility, tissue hy-
oplasia, neoplasia, or shortening of the
ifespan are phenomena that can be evalu-
ted only in the postpartum or adult
rganism.8,10-12,24-30 pongenitalmalformations
nd growth retardation
tudies involving irradiation of the hu-
an fetus from diagnostic exposures
as not been observed to cause congen-
tal malformations or growth retarda-
ion32-35; however, not all such clinical
tudies are negative.36 These are ex-
remely difficult studies to perform,
nd it appears that the animal data sup-
ort the contention that gross anatom-
cal congenital malformations will not
e increased in a human pregnant pop-
lation exposed to less than 0.2 Gy
20,000 mrad, 20 rad) acute exposures.
he NOAEL for congenital malforma-
ions is greater than 0.2 Gy (greater
han 20 rad) at themost sensitive stage of
evelopment (9 days p.c. [postconcep-
ion] in the rat) (22 days p.c. in the hu-
an). Although we cannot be certain of
he human NOAEL, animal data indicate
hat the NOAEL for birth defects is much
igher at later stages of pregnancy6,10,36,37
Table 1).
Radiation exposure during preorga-
ogenesis has a NOAEL for lethality if
he exposure is less than 0.15 to 0.2 Gy;
owever, the embryos that survive to
ermare not growth retardednor do they
ave a higher incidence of malforma-
ions (Tables 1 and 3).1,10-11,38-46 The
hreshold for growth retardation is
igher than for birth defects during early
rganogenesis (0.25-0.4 Gy, 25-40 rads)
nd continues to rise throughout
TABLE 3
First-day x-irradiation in the rat
Dose, Gy Litters Embryos
0.00 77 902
...................................................................................................................
0.05 58 699
...................................................................................................................
0.10 76 944
...................................................................................................................
0.20 71 851
...................................................................................................................
0.30 43 490
...................................................................................................................
Because the spontaneous resorption rate ranges from 4-8%
animals to determine at what radiation exposure the resorpti
postconception day. Statistical tests indicated that the resorpt
although the 0.2 Gy exposure is the first exposure that is stat
in the surviving embryos, which is true, even when the expo
...................................................................................................................
Brent. Saving lives and changing family histories. Am J Obregnancy. m
JANUARY 2009 Ambryonic death
he NOAEL for the lethal effects of radi-
tion is lowest during the preimplanta-
ion, preorganogenesis stages in the rat
nd is approximately 0.15-0.20 Gy
15-20 rad) (0-8 days p.c.). Table 3 dem-
nstrates the lethal effects of irradiating
he embryo on the first postconception
ay. Note that the threshold exposure is
round 0.2 Gy, but the risk of growth re-
ardation is not increased in any of the
urviving embryos receiving .20 Gy or
ess.
There are no human studies available
uring this stage of pregnancy; however,
he equivalent period of development in
he human would be from 0-16 days
ostconception (Figures 2 and 3). The
OAEL for increased risk of embryonic
eath increases throughout gestation
nd is similar to the mother’s risk in late
estation.
The example of the hysteria that can
ccur following low-dose ionizing radi-
tion exposure to pregnant women is
epresented by the results of the Cher-
obyl nuclear power plant explosion
hat occurred in 1986. There were re-
orts of an increase in the frequency of
edical abortions in Russia following
he disaster. This was not the case in
orthern and central Europe because the
xposures to the population were ex-
remely low at great distances from the
hernobyl nuclear power plant, and
here was no increase in any reproduc-
ive effect studied, including congenital
Resorptions, % Fetal weight, g
4.77 5.264
..................................................................................................................
6.49 5.199
..................................................................................................................
7.75 5.207
..................................................................................................................
11.41 5.148
..................................................................................................................
18.57 5.015
..................................................................................................................
rat, it is necessary to utilize large numbers of pregnant
te is increased from x-irradiation exposures on the first
ate is increased with exposures between 0.1 and 0.2 Gy,
lly significant. Note that there was no growth retardation
is 1 Gy and there is significant mortality.
..................................................................................................................
Gynecol 2009..........
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.........alformations, stillbirths, and sponta-
merican Journal of Obstetrics& Gynecology 7
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8eous abortions in Norway, Sweden,
inland, and Austria.47-52 Yet in many
ountries in southeastern Europe and
he Ukraine, pregnant women were in-
ppropriately encouraged to interrupt
heir pregnancies.
If these data regarding the risks of de-
elopmental effects are the best estimates
f the risk of irradiation during preg-
ancy, why did the National Council on
adiation Protection (NCRP) Hand-
ook 5453 establish .05 Gy (5 rad) as the
mbryonic exposure not to exceed when
xposing pregnant women? The 0.05 Gy
xposure was selected because it pro-
ided a reasonable “margin of safety”
rom the exposures that may represent a
evelopmental risk. In 1977 almost
00% of diagnostic studies had expo-
ures below 0.05 Gy. With the advent of
omputed tomography (CT) scans and
FIGURE 2
A cartoon demonstrating the effect
during gestation for the rat and the
he experimental data following 1 Gy exposure
eparate experiments are depicted in this figure.
f human gestation and the first 8 days of rat ge
alformations at term. The very sensitive period
s present for approximately 2.5 to 3 weeks in
-5 days in the rat. Interestingly, severe effects
alformations cannot be produced because of ir
rgans in the latter part of pregnancy (ie, the c
rent. Saving lives and changing family histories. Am J Obstehe expansion of the use of radionuclides a
American Journal of Obstetrics& Gynecology JAt is more likely that 0.05 Gy exposures
ill be exceeded. This can promote con-
ern in many patients and some health
are professionals.However, the threshold
or birth defects, growth retardation, neu-
obehavioral effects, and growth retarda-
ionare above the level of diagnostic radio-
ogical exposures and the threshold
ncreases as pregnancy progresses.
he all-or-none phenomenon
rradiation of rats and mice with 1.5 to
.0 Gy during the preimplantation and
reorganogenesis stages increases the
isk of embryo lethality; however, mal-
ormation rates in the surviving fetuses
t term are similar to the controls, not
ecause malformations cannot be pro-
uced at this stage (Figure 2). However,
t this early stage of pregnancy, high ex-
osures induce cell loss or chromosome
f radiation
uman
the pregnant rat on each day of gestations in
u will note that the embryo in the first 2 weeks
ion does not exhibit an increased risk for viable
major organ malformations following radiation
human from the 18th to the 40th day p.c. and
occur after the period when major anatomical
rable cell depletion that may occur in important
al nervous system and the gonads).
necol 2009.bnormalities that most likely result in n
NUARY 2009ygote death or malformations that are
ethal. Our laboratory has published
umerous articles on the rat and mouse
hat confirm the all-or-none princi-
le.1,10,11,38-43,54-56 Many other investi-
ators have confirmed these findings in-
luding a recent report in the medical
iterature.57
Anumberof investigatorshave reported
tudies that demonstrated that high expo-
ures of the ethylnitrosourea, retinoic acid,
thylene oxide, and high-dose radiation
arly in gestation resulted in lethality and a
mall increase in incidence of malforma-
ions.44,45,58-68 Nagao et al67 in 1986 per-
ormed an interesting group of experi-
ents demonstrating, at least in their
tudies, that when mitomycin C was ad-
inisteredonthe secondor thirdpostcon-
eption day,many embryos died early and
ate, and somewere obviouslymalformed.
hen the treated embryos were trans-
erred to untreated dams or normal em-
ryoswere transferred to treateddams, the
nvestigators observed that the malforma-
ionsweredue to theeffectofmitomycinC
n themother, indicating that themalfor-
ations were due to a maternal toxic ef-
ect. Rutledge68 wrote a commentary on
he publications by Nagao et al67 and con-
luded that the observations of Nagao et
l67 indicated that themalformationswere
ue to a maternal toxic effect. However,
utledge concluded that the malforma-
ions produced in his studies were more
ikely because of a direct effect on the
mbryo.
In some instances, the results that re-
uted the all-or-none phenomenon were
n error. As an example, Rugh69-72 irradi-
tedpregnantCF-1miceon thefirst dayof
regnancy and reported an increase in the
ncidence of exencephaly. In Rugh’s stud-
es, there was no dose-response relation-
hip. The Argonne laboratories reported
hat the incidence of exencephaly in 1000
onsecutive CF-1 litters was similar to the
ncidence in Rugh’s radiated litters. This is
hat happens when you utilize too few
regnant animals in a study and the ani-
als have a particular malformation that
ccurs in a 1% incidence, as in the CF-1
ouse. Rugh should have been suspicious
f his results when he observed that there
as no dose-response relationship. Fortu-s o
h
to
Yo
stat
for
the
can
repa
entr
t Gyately, Rugh recognized this problem and
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www.AJOG.org Obstetrics Reviewsevised his conclusion to indicate that the
esults were not biologically plausible.72
During the 1980s and 1990s, Streffer
nd Pamfer and colleagues45,59,60,73
ublished their excellent research that
ndicated that the all-or-none phe-
omenon might not be correct. These
nvestigators utilized the Heiligen-
erger Stamm strain, referred to as the
LG/Zte strain in their radiation stud-
es. It is a strain with a 1-4% spontane-
us incidence of gastroschisis. Irradia-
ion of this strain on the first day of
regnancy with high exposures results
n an increase in embryonic mortality
nd a moderate but statically increased
ncidence of gastroschisis. C57Bl mice
r HLGxC57Bl hybrids in their labora-
ory, when irradiated, have an increase
n mortality but no increase in congen-
tal malformations. Streffer and his
olleagues stated:
“The fact that malformations can
be induced after exposure to a sin-
gle cell, the zygote, contradicts the
long-standing dogma of teratol-
ogy that developmental defects are
inducible onlywhen the conceptus
is exposed during organogenesis.”
Dr Streffer is an excellent scientist, and
lthough he was gently critical of the im-
ortance of the all-or-none phenome-
on, we are colleagues and friends.More
ecently, he has summarized his research
ealing with preimplantation exposures
o radiation and concluded:
“During the preimplantation pe-
riod, radiation exposures can
cause death of the embryo after ra-
diation doses of 0.2 Gy and higher.
Malformations are only observed
in very rare cases when genetic
predisposition exists.”74
The all-or-none phenomenon con-
ept indicates that the predominant ef-
ect of embryotoxic exposures during the
reimplantation period is embryonic
eath. It also indicates that even in sus-
eptible mouse strains, the risk for mal-
ormations is very low, even at high
oses, and, most important, there are no
ncreased developmental risks below 0.2
y, even in the genetically susceptible gtrains. The biologic basis to explain the
ll-or-none phenomenon is depicted in
igure 3.37,38 Until differentiation is ini-
iated, each omnipotential cell has the
otential for forming an embryo.
hereas induced cell death can result in
alformations during early organogen-
sis, cell death during preorganogenesis
an result in embryonic death. If enough
mnipotential cells survive, they can re-
rganize and result in normal develop-
ent (Figure 3). In 1953, our laboratory
eferred to these cells as omnipotential
ells.38 Today they are referred to as stem
ells.
How should risk managers and coun-
elors interpret and utilize the mouse
ata? The fact that the reported malfor-
ations are specific for susceptible
trains of mice indicates that these are
FIGURE 3
Demonstration of the 3 important p
with regard to the sensitivity to rad
he period during predifferentiation, sometimes
act that these cells are omnipotential. Using toda
hey are very susceptible to the lethal effects of
n increased risk for anatomical malformations
mbryos in the very early stages of organogenes
ay p.c. This sensitive stage for the production o
rom the 40th day of gestation until delivery, the
lthough significant, serious effects of the centra
f the exposure is high enough.
eprinted with permission from Robert L. Brent, MD, PhD, DSc (H
rent. Saving lives and changing family histories. Am J Obsteenetically susceptible strains (epige- o
JANUARY 2009 Aetic effect), resulting in an increase in
he specific malformation from many
orms of stress. In some experiments,
ross-transfer has indicated that radia-
ion of the uterus has been responsible
or the epigenetic effect. Induced genetic
hanges in the 1-cell embryo would not
esult in an increase in only 1 type of ab-
ormality, such as gastroschisis or exen-
ephaly. Ionizing radiation’s mutagenic
ffect is not site directed. It produces
utations randomly. There would be no
iologic basis to conclude that the radia-
ion would raise the incidence of only 1
enetically determined malformation
rom a radiation-induced mutation.
Therefore, it is important to realize
hat these unusual instances of malfor-
ations surviving to term following ra-
iation exposures ofmice on the first day
ses of embryonic development
ion (Wilson37)
rred to as the all-or-none period, is due to the
language, we would refer to them as stem cells.
iation, but the survivors do not appear to have
delivery. The second group of embryos are 3
rom the beginning of differentiation on the 18th
natomical malformations lasts about 2.5 weeks.
ses’ sensitivity to radiation gradually decreases,
rvous system and developing gonads can result
necol 2009.ha
iat
refe
y’s
rad
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is f
f a
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l ne
on).
t Gyf pregnancy have little applicability to
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1he human situation. The exposure uti-
ized by Streffer et al was not in the diag-
ostic range and the malformation that
as present in the mouse had a high
ackground incidence.
Most inadvertent radiation exposures
f pregnant women during this early pe-
iod of gestation are the result of diag-
ostic radiological studies that involve
ery low exposures. Therefore the all-or-
one phenomenon can be very helpful in
valuating the developmental risks of ex-
osures during the first 2 weeks of hu-
an pregnancy.When the exposure is in
he diagnostic range and the pregnancy
tage is in the first 2 weeks, there is min-
mal likelihood that the developmental
isks of surviving embryos will be mea-
urably increased. Our pregnancy web-
ite had 59 consultations in 2007 of
omen who had CT scans during the
rst week of pregnancy when the preg-
FIGURE 4
Risks of mental retardation from va
pproximately 40% of the children will be seriou
tages of the 8th-15th weeks of human gestatio
ensitive to the effects of radiation to the centra
ata was whether there was a threshold. In the or
hey believed that there was no threshold for ra
eprinted with permission from Robert L. Brent, MD, PhD, DSc (H
rent. Saving lives and changing family histories. Am J Obsteancy test was negative. Knowledge and a
0 American Journal of Obstetrics& Gynecology Jppropriate utilization of the all-or-
one phenomenon is very helpful in this
ituation.
eurobehavioral effects
here is no doubt that high doses (1-2
y) of ionizing radiation to the develop-
ng human fetus can produce mental re-
ardation and microcephaly.75-83 The
ost sensitive stage for the induction of
ental retardation and severe micro-
ephaly is reported to be from the 8th-
5th week of human gestation.
During early organogenesis 1 Gy (100
ad) can produce a high incidence of
alformations: 41% of brainmalforma-
ions and 90% of eye malformations on
he ninth day after conception in the
at.36,37,39Duringmidgestation the brain
an be depleted of neurons; when these
ells are killed at this stage, they are not
eplaced. That is whymental retardation
us exposures to radiation
retarded following 1 Gy of radiation during the
fter 15 weeks of gestation, the fetuses are less
rvous system. The controversy raised by these
al publication, Otake and Schull77 indicated that
tion induced mental retardation.
necol 2009.nd microcephaly are more readily in- e
ANUARY 2009uced from the 8th-15th week of gesta-
ion. There is little disagreement about
he sensitivity of the brain during orga-
ogenesis and fetogenesis. Although
ost radiation embryologists assumed
hat the exposure to diagnostic radiation
as too small to produce mental re-
ardation, there were few data in the hu-
an to confirm or refute any definitive
onclusion.
In 1984, Otake and Schull77 reana-
yzed the data of the children who were
rradiated in utero inHiroshima andNa-
asaki (Radiation Effects Research
oundation). They concluded that the
ost sensitive period for the induction
f mental retardation was from the 8th-
5th week of gestation and that 40% of
he offspring that received 1 Gy were
entally retarded (IQ  70) (Figure 4).
hey also indicated that from 15 weeks
ntil term, much higher exposures were
equired to produce mental retardation
nd the incidence was lower.
Their evaluations also concluded that
ental retardation could be produced
elow 0.1 Gy and that radiation-induced
ental retardation was a stochastic ef-
ect; in other words, it did not have a
hreshold. Several other investigators
nd even some official publications re-
eated the conclusions of Otake and
chull that mental retardation was an ef-
ect without a threshold.84
Shortly after the publication of Otake
nd Schull’s paper,77 a group of scientists
as convened inWashington,DC, by the
resident of the NCRP at the NCRP of-
ce in Bethesda, MD, to discuss this is-
ue. Drs J. Schull, R. Miller, R. Brent, R.
onson, and M. Winick discussed the
dea that radiation inducedmental retar-
ation was a stochastic effect. DrsMiller,
onson, Brent, andWinick did not sup-
ort this concept that in utero radiation
nduced mental retardation was a sto-
hastic effect. S. Jablon, who was a stat-
stician, did not support this “new” con-
ept in his presentation of the Taylor
ecture.85 In Jablon’s Taylor address, he
aid, “Somatic effects, such as the devel-
ping fetal brain, are not at all well un-
erstood, and I will say only that it is
ost unlikely that mental retardation
ollowing fetal radiation is a stochasticrio
sly
n. A
l ne
igin
dia
on).
t Gyffect; themagnitude of the deficit that is
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www.AJOG.org Obstetrics Reviewsnduced surely increases with the dose”
Table 2).
Without examining the human epide-
iological data, there are reasons to argue
gainstOtake andSchull’s conclusion (Ta-
le 2). It is not biologically plausible that
adiation of the brain at midgestation that
esulted in mental retardation would be a
tochastic (nonthreshold) effect. The 2
ajor disease categories that theoretically
avenothreshold fromradiationexposure
re oncogenensis and mutagenesis. Both
hese pathological effects can be mani-
ested from an alteration of the genome of
cell. There is no way that a genetic alter-
tion in1 cell couldpathologically result in
ental retardation at midgestation.10,11
In 1999, Schull and Otake94 reevalu-
ted their original position expressed in
984 and stated that “no threshold can
e unequivocally demonstrated statisti-
ally in the occurrence of clinically iden-
ified mental retardation among those
urvivors exposed at 8-15 weeks after
vulation.” They even calculated a 95%
onfidence interval for the threshold for
ental retardation. However, in their
onclusion, the authors comment as fol-
ows: “Where does this leave us?” First, it
eems most unlikely that the epidemio-
ogical data will ever provide a compel-
ing answer to the question of whether a
hreshold does or does not exist. The
ata are simply too limited to expect
ore than has been described. Unfortu-
ately, in 1984, with fewer data, these au-
hors were able to conclude that there
as no threshold (Otake and Schull77). If
e examine all the basic science data, it
ill be evident that radiation-induced
ental retardation is a deterministic or
hreshold effect.
There have been many studies that
ave examined the neuropathology of
he brains of humans and experimental
nimals that have been exposed to ioniz-
ng radiation. In adult humans and rats
hat were exposed in utero, heterotopia
Figure 5) has been demonstrated in the
ost severely affected individuals. This
s a failure ofmigration of the ependymal
ells that differentiate into migrating
eurons to reach their proper position in
he outer layers of the cortex. This phe-
omenon is never seen in the very low
xposures. Following 2Gy inutero expo- nure on the 17th day p.c. in the rat, the
uter layer of the cortex demonstrates
bnormal neuronal organization and ar-
as of heterotopia.
This type of disorganization is never
bserved at low exposures in experimen-
al animals, nor do you observe hetero-
opia at very low exposures. The irradi-
ted fetal brain demonstrates minimal
eduction of cortical neurons following
.3 Gy exposures. It is most important to
ote that when you examine similar
rains that were exposed to 0.01-0.1 Gy,
he irradiated brains cannot be differen-
iated from the controls.
To attempt to resolve the controversy
ntroduced by theOtake and Schull pub-
ication,77 we began a series of experi-
ents dealing with the neurobehavioral
ffects of in utero ionizing radiation us-
ng the rat.10,86-92 Nine developmental
nd behavioral parameters were evalu-
ted.86,87 Radiation was carried out late
n rat gestation when it was known that
he neurological effects were the most
ensitive and severe. The research of
icks andD’Amato93 demonstrated that
he central nervous system had a broad
ange of serious effects that resulted fol-
owing late gestation radiation in the rat.
evere hypoplasia of the cerebral cortex
an be produced by administering 1.5Gy
n the 17th-20th day p.c. in the pregnant
at that is tantamount to human
icrocephaly.
Neurobehavioral studies were per-
ormed on the offspring of pregnant an-
mals exposed on the ninth day p.c. and
7th day p.c. Adult offspring that were
rradiated on the ninth day p.c. with 0.1-
.6 Gy did not exhibit any growth retar-
ation, developmental effects, or neu-
obehavioral effects when they reached
exual maturity. This is of interest be-
ause although there was only a small
umber of individuals that survived the
n utero A-bomb radiation during early
regnancy, Otake and Schull77 reported
here was no increase in severe mental
etardation or microcephaly in this
roup of human survivors.
This observation in humans and the
egative results in the animals irradi-
ted early in pregnancy are supported
y the known resiliency of the central
ervous system early in pregnancy. At t
JANUARY 2009 Amow exposures, below the threshold for
he production of major malforma-
ions, the central nervous system cor-
ical neuronal primordial cells are
eadily replaced. This does not happen
n the human in midgestation or in the
at in late gestation. Irradiation of the
at during late gestation does result in
evelopmental effects at low exposures
ith thresholds for growth and devel-
pment at 0.4 Gy and for 1 reflex at 0.2
y.
Besides Otake and Shull, there have
een a number of investigators that
ave evaluated the data pertaining to
he population of individuals exposed
n utero in Hiroshima and Na-
asaki.81-83 The discussion of the issue
f radiation-induced mental retarda-
ion by Miller79 indicated that when
FIGURE 5
Rat brain after 1 Gy radiation
on the 17th day p.c.
rrows are pointing toward neuronal cells that
ailed to migrate to their proper location. This is
eferred to as heterotopia. It is found in human
rains in retarded individuals following high
oses of radiation (Jensh et al86,87).
eprinted with permission from Robert L. Brent, MD, PhD, DSc
Hon).
rent. Saving lives and changing family histories. Am J
bstet Gynecol 2009.he exposure is less than 0.5 Gy, the risk
erican Journal of Obstetrics& Gynecology 11
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1f severe mental retardation is similar
o the unexposed population.
Mental retardation is not an uncom-
on occurrence, with a prevalence of
pproximately 1 per 100 births. Miller’s
ecalculation of the risk of mental retar-
ation estimates the threshold to be 0.57
y (95% confidence interval, 0.35-0.66
y). In amore recent publication, Schull
nd Otake94 now agree that there is a
hreshold for radiation producedmental
etardation. These authors also reported
hat on the average, 1 Gy exposure dur-
ng pregnancy reduced the IQ 30 points.
herefore, even if mental retardation
ere a stochastic effect, the loss of IQ at
.01 Gy would only be 0.3 IQ points,
hich could not be responsible for men-
al retardation.
To summarize the controversy about
he relationship of ionizing radiation
ndmental retardation andwhether 0.01
y can increase the risk of mental retar-
ation, the data indicate that it is not a
tochastic effect, which is supported by
he following findings.
Teratogenic effects are primarily
threshold phenomena.
In utero exposure to ionizing radia-
tion indicates that there is approxi-
mately a 30 point IQ loss per Gy (100
rad) during the most sensitive period
of human brain development, indicat-
ing that severe mental retardation
wouldnot occur, even if therewere not
a threshold, because a linear relation-
ship to exposure would predict a 0.3
IQ loss at .01 Gy (1 rad).
Animal studies indicate that at 0.01
Gy, there are no observable histologic
effects in the developing brain that
could account for severe central ner-
vous system effects.
Neurobehavioral evaluations of ani-
mals exposed in utero demonstrate a
threshold for behavioral effects at the
same dose as for other teratologic ef-
fects (0.2 Gy).
Whereas Schull and Otake94 are con-
erned that the epidemiological data are
ot consistent and robust enough to an-
wer the question as to whether mental
etardation is a stochastic or a determin-
stic effect, the basic science of neurolog-
cal development and neuropathology
an readily answer the question. It is true r
2 American Journal of Obstetrics& Gynecology Jhat epidemiology is the foundation of
etermining human risks; however, oc-
asionally basic science and animal stud-
es can fill the void left by insufficient ep-
demiological data. Radiation induced
ental retardation is a deterministic
ffect.10,11,79
he importance of dose rate,
ractionation, and protraction
ndetermining the risks of ionizing
adiation on the developing embryo
any diagnostic radiological studies oc-
ur over a period of hours or days, and it
s important to consider the modifying
iological effect of the protraction or
ractionationwhen estimating the repro-
uctive and developmental risks. This
oncept is strengthened further by the
act that most human exposures to ex-
ensive diagnostic radiation studies are
ractionated or protracted. Protracted ex-
osures are less likely to produce deter-
inistic developmental effects than is an
cute exposure of low linear energy trans-
er (LET) radiation.95-109
Brizzee and Brannon97 irradiated rats
ith 1.5 Gy (150 rad) on the 12th day of
estation with an acute exposure and
arious fractionated exposures over a pe-
iod of 12 hours. The brains of the adult
ats were examined histologically. The
cute exposure reduced the volume of
he outer layers of the cerebral cortex by
lmost 50%. It was obvious that the
umber of neurons were markedly de-
leted. The animals that received 1.5 Gy
n 9 fractions over a period of 12 hours
ere not statistically different from the
nirradiated controls, although there
as a slight visible reduction in the thick-
ess of the cerebral cortex. Thus, the
ractionation of radiation reduced the
everity of the neuropathological effect
f the exposure, evenwhen it occurs only
ver a period of 12 hours.
Coppenger and Brown98 and Stadler
ndGowen107 exposed rats andmice, re-
pectively, over a period of 10 and 11
enerations. They utilized a 60Co source
hat could be lowered for 1 hour each day
o permit personnel to water, feed, and
bserve the animals. At 0.02 Gy (2 rad)
er day continuous radiation exposure,
hese investigators did not observe any
eproductive or developmental effects. f
ANUARY 2009hey did observe effects at 0.05 Gy (5
ad) per day. Russell et al105 utilized con-
inuous exposure from an x-raymachine
uring the day to pregnant mice for the
ntire gestational period. She and her
olleagues did not observe any effects
ollowing 0.125 Gy per day except that
he female mice had a reduced number
f litters during their reproductive life.
Our own laboratory irradiated rats on
he ninth day p.c. with 1.5 Gy (150 rad).
our different dose rates were utilized:
.005, 0.012, 0.34, and 1.0 Gy per
inute.96 The results demonstrated the
arked ameliorative effect of protracted
rradiation over a 5-hour period. The
cute exposure of 1.5 Gy delivered in 1.5
inutes resulted in 30.3% anencephaly
t term. The exposure that delivered the
.5 Gy over a period of 5 hours resulted
n 0% anencephaly. Of course, there
ere deleterious effects in the group of
nimals that had received the protracted
adiation; however, the effects were less
evere.
Although these animal results cannot
e directly applied to developing human
mbryos and fetuses, the impact of pro-
raction and fractionation should be
onsidered when counseling pregnant
omen who have been exposed to the
ollowing: (1) multiple procedures over
period of days, (2) radionuclides with
ong half-lives, and (3) background radi-
tion from flying at high altitudes or oc-
upational exposures.
he indirect effect of irradiation
n embryonic development:
oesmaternal radiation exposure
ithout directly exposing
he embryo increase the risk
f developmental effects?
n the 1950s and 1960s, our embryology
nit at the University of Rochester,
ochester, NY and the JeffersonMedical
ollege, Thomas Jefferson University,
hiladelphia, PA received numerous
onsultations fromobstetricians, genetic
ounselors, general physicians, and pa-
ients. Pregnant patients had been ex-
osed to ionizing radiation from various
iagnostic procedures. The number of
alls that were initiated by pregnant
omen who were concerned about the
etal effects of a chest x-ray or an x-ray of
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www.AJOG.org Obstetrics Reviewsheir extremities, head, or neck was sur-
rising. Initially we reassured the pa-
ients that therewas no increased risk be-
ause it was not biologically plausible to
onclude that the embryo or fetus would
eharmedby a lowexposure of radiation
o other parts of the body when the em-
ryowould not be exposed. On the other
and, we had no scientific data to sup-
ort that conclusion. So we initiated a
eries of animal experiments using the
regnant rat.
The first animal experiments dealing
ith the indirect effect of radiation on
mbryonic development were reported
n the 1960s.110-114 Pregnant rats were
nesthetized on the ninth day p.c. The
bdomen was opened and the 2 uterine
orns containing the embryos were
laced in a U-shaped lead shield. An-
ther lead shield was place over the em-
ryos (Figure 6).
Microdosimeters were used to mea-
ure the exposure inside the lead shields.
he exposure was insignificant, being
ess than 0.01 Gy (1 rad), even when very
igh exposures were administered to the
regnant rat. The pregnant rat was given
Gy (400 rads) of whole-body irradia-
ion. There were shielded unirradiated
ontrols and rat embryos that received 4
y. All the embryos that received 4 Gy
id not survive to term. There was no
ncrease in the incidence of congenital
alformations or growth retardation in
he unirradiated, shielded embryos, in
pite of the fact that the pregnant rat re-
eived 4 Gy (400 rad) of whole-body ra-
iation. Malformations were not in-
reased, even when the pregnant rat
eceived higher exposures; however, the
others exhibited radiation sickness at
0 and 14 Gy, resulting in an increase in
mbryonic death and growth retardation
ut not an increase in malformations.
Brent and McLaughlin113 transillumi-
ated the embryonic sites on the 12th
ay p.c. so that the placenta and em-
ryo’s location could be identified. Then
series of experiments were performed
hile shielding the placenta or embryo.
he results indicated that the placenta
as very resistant to 4 Gy and the
hielded embryos survived. When the
lacenta was shielded and the embryo ras irradiated, the embryos were seri-
usly affected.
The final series of experiments were
erformed on the day of conception and
lead shield was fabricated so that it was
ttached to a hemostat. The hemostat
ould be closed over the fallopian tube
nd ovary, or just the fallopian tube,
ithout compromising the blood supply
o the uterus and fallopian tube. On the
rst day of pregnancy, the pregnant rats
eceived whole-body radiation with the
allopian tube shielded, the ovary
hielded, or both the ovary and fallopian
ube shielded. At this stage the fertilized
va or 2-cell zygotes are within the fallo-
ian tube.
In other experiments the mother was
hielded and the fallopian tube and or
vary was irradiated. The exposure was 1
y (100 rads) in all instances, and the
esults indicated that the embryos were
ot affected when the embryos in the fal-
opian tube were shielded.42,43,114 In
ther words, if the maternal organism
nd the uterus received whole-body ra-
iation and the fallopian tube was
hielded, the 1- or 2-cell embryo was not
ffected.
These experiments demonstrated that
hen the pregnant mother has diagnos-
ic radiological studies of the head, neck,
hest, or extremities, the embryo is not
xposed to radiation doses that will in-
rease the risk of embryonic death (mis-
arriage), growth retardation, or con-
enital malformations. These negative
xperiments were carried out during
reorganogenesis, early organogenesis,
nd the early fetal period. On the other
and, when the exposures are in the
ange of radiation therapy ( 1000
ads), growth retardation and embry-
nic death in the rat occurred because
he pregnant rats exhibited signs of radi-
tion sickness.110
Besides the above-mentioned studies
hat specifically analyzed the indirect ef-
ect of irradiation during pregnancy,
here are scores of animal experiments
ndicating that the NOAEL for congeni-
al malformations, fetal growth retarda-
ion, and embryonic loss are greater than
.20 Gy whole-body irradiation, even
hen the embryo is also exposed. In the
at, embryonic death may occur in the c
JANUARY 2009 Amreimplantation period at 0.15 to 0.2Gy,
lthough there are no human data that
re informative about the NOAEL for
mbryonic death during the preimplan-
ation stages.
In spite of all these studies, Hujoel et
l115 published a report in the Journal of
he American Medical Association indi-
ating that dental x-rays averaging 0.4
Gy (40mrad) in pregnant womenmay
e responsible for babies being bornwith
ow birthweight because of the irradia-
ion of thematernal thyroid and/or pitu-
tary. Whereas the conclusion and the
ypothesis to explain the resultswere na-
ve, poor quality research results do ap-
ear in the scientific literature. The
roblem with this paper is that the preg-
ancy website of the Health Physics So-
iety received many e-mails indicating
FIGURE 6
Indirect effect of radiation
on the developing embryo
photograph from experiments that were per-
ormed to study the indirect effect of radiation on
he developing embryo, which is irradiation of
he mother or parts of the mother when the
mbryo is shielded. The photograph demon-
trates the shielding technique that was used to
revent the pregnant uterus from being exposed
hile the mother received high doses of ionizing
adiation.
rent. Saving lives and changing family histories. Am J
bstet Gynecol 2009.oncern about the article by Hujoel et
erican Journal of Obstetrics& Gynecology 13
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1l.115 The contacts wanted to know
hether they should refrain from visit-
ng the dentist while they were pregnant.
A commentary from our laboratory
esponded to the article by Hujoel et
l115 as follows22:
. Epidemiological studies indicate that
the threshold exposure for growth re-
tardation for direct radiation of the
fetus is 200- to 300-fold higher than
the exposure from dental radiogra-
phy.
. Epidemiological studies that involve
diagnostic radiation to the thyroid,
pituitary, and head do not find that
fetal growth retardation is a result of
these exposures.
. Numerous animal studies indicate
that the embryo must be directly ra-
diated to produce fetal growth retar-
dation.42,43,110-114 When the whole
pregnant animal is irradiated, which
includes the embryo, maternal thy-
roid, andpituitary, the threshold dose
for growth retardation is 500-fold
higher than dental radiography expo-
sures to the mother’s neck and head
in the study by Hujoel et al.115
. The suggestion that low-dose radia-
tion to the pituitary and thyroid of the
mother could produce fetal growth
retardation is itself biologically and
medically naive. Hujoel et al could
have read any basic pediatric or pedi-
atric endocrinology textbook, and
they would have discovered that
growth hormone does not influence
human growth until several months
after the infant is born. Soneitherma-
ternal growth hormone nor fetal
growth hormone plays a role in fetal
growth. The mother’s thyroid func-
tion will not be affected by the level of
radiation absorbed from dental
x-rays. Maternal thyroid function is
irrelevant to the fetus’s growth unless
the mother is severely hypothyroid.
Even the hypothesis of Hujoel et al is
biologically incorrect.
This information should be helpful
o radiologists, dentists, obstetricians,
ealth physicists, teratology counselors,
nd radiation biologists to counsel preg-
ant patients about their concerns of vis-
ting dentist. It can be definitively stated
hat dental radiography is not a risk for s
4 American Journal of Obstetrics& Gynecology Jny fetal effects, including fetal growth
etardation.
he risk of leukemia and cancer
n children and adultswho
ere exposed to ionizing radiation
uring their in utero development
tewart et al116-120 suggested that the hu-
an embryowasmore sensitive than the
hild or adult to the leukemogenic effects
f radiation, and in later publications
hey concluded that other cancers also
ccur more frequently in persons ex-
osed in utero to diagnostic radiological
rocedures (primarily pelvimetry).
tewart’s estimate is that 0.01 to 0.02 Gy
1-2 rads) in utero radiation exposure
ncreases the chance of leukemia devel-
ping in the offspring by a factor of 1.5 to
.0 over the natural incidence. This inci-
ence is considerably greater than the in-
rease resulting from 0.02 Gy delivered
o an adult. In fact, a dose of 0.02 Gy
elivered to an adult population would
ot make a perceptible change in the in-
idence of leukemia, even for large pop-
lation groups.121-123
Lilienfeld123 reviewed the epidemio-
ogic considerations with respect to leu-
emogenesis. The results of Lilienfeld,123
cMahon,124 McMahon and Hutchi-
on,125 Graham et al,126 Polhemus and
och,127 Yamazaki et al,128 Ager et al,129
nd Ford and Patterson130 support the
hesis that diagnostic radiation absorbed
n utero is associated with an increased
isk of leukemia. Six of 9 studies summa-
ized in the paper by Lilienfeld123 indi-
ated an increase in leukemia risk of 1.3-
o 1.8-fold following diagnostic radia-
ion exposure in utero. Lilienfeld states:
When one considers the variety of con-
rol groups used and the sampling vari-
bility, the results are remarkably consis-
ent in showing an excess frequency of
eukemia among children of radiation-
xposed pregnant mothers.123
Diamond et al131 have extended the
tudies of Lilienfeld and corroborated
heir early finding of a higher incidence
f leukemia (3-fold) in children exposed
o diagnostic radiation in utero. They
lso reported that this effect did not oc-
ur in the black population.
There are a number of interesting as-ociations in these data that should be B
ANUARY 2009ointed out. In the studies of Stewart and
neale,120 there was a higher incidence
f previous miscarriage in the mothers
eceiving pelvimetry, and the children in
he pelvimetry group had a higher inci-
ence of upper respiratory infections
rior to the development of leukemia.120
thers have reported that infants from
amilies with a strong family history of
llergy are also more susceptible to radi-
tion-induced leukemia when exposed
o diagnostic radiation in utero.122
The problem with these data is that in
ome instances patients with an allergic
istory and no preconception radiation
ad a higher frequency of leukemia than
id some groups that had received irra-
iation in utero. Tabuchi33 reported no
ncrease in leukemia following diagnos-
ic radiological procedures.
In some of the studies that did not re-
ort an increased risk of leukemia, the
umber of patients was small. Of the 86
ersons exposed in utero to high expo-
ures from the atomic bomb, none de-
eloped leukemia.132 These persons re-
eived considerably higher doses of
adiation than did those patients in the
revious studies. Kato133 studied 1300
eople, some of whom were exposed to
he atomic bomb while in utero, and ob-
erved no increased evidence of malig-
ancy in the first 24 years of follow-up,
lthough there was an increased mortal-
ty in the first year of life and after 10
ears of age.
It is of interest that Graham et al126
eported an increased risk of leukemia
hat was identical whether a mother had
eceived radiation from diagnostic pro-
edures shortly before or after concep-
ion. Hoshino et al132 reported no in-
rease in leukemia in a study of 17,000
hildren of parents who had received ra-
iation before conception from the
tomic bomb.
The question arises as to what extent
he same biases that contribute to the in-
reased risk of leukemia in the cases of
adiation exposure before conception
lso affect the in utero radiation cases.
raham et al126 pointed out that chil-
ren of mothers with a history of abor-
ion or stillbirth also had children with a
igher risk of leukemia. Neutel and
uck134 found that childhood malig-
n
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www.AJOG.org Obstetrics Reviewsancy occurred more often in the off-
pring of mothers who smoked. Fasal et
l135 reported that infants who were
eavier at birth were more likely to get
eukemia. It appears that whenever one
ooks for the association of an event with
he occurrence of leukemia, it may be
ound.
At present it is not clear whether radi-
tion exposure from diagnostic radio-
ogical procedures during the precon-
eption or postconception period is a
ausative or associative factor in the in-
reased incidence of leukemia. Miller136
nd others122,137-140 dissent from the
onclusions of Stewart et al and all the
eports that support their hypothesis.
iller136 writes:
Minimal doses of x-rays are
equally oncogenic whether expo-
sure occurred before conception
or during pregnancy, whether the
neoplasm studies were leukemia
or any othermajor cancer of child-
hood, and whether the study was
based on interviews that may be
biased, or on hospital records.
Taken in aggregate, the similarity
of results, in the absence of a dose-
TABLE 4
Risk of leukemia
Group
Identical twin of a leukemic twin
...................................................................................................................
Radiation induced polycythemia
...................................................................................................................
Bloom’s syndrome
...................................................................................................................
Hiroshima survivors  1000 m hypocenter
...................................................................................................................
Down’s syndrome
...................................................................................................................
Radiation rx of ankylosing spondylitis
...................................................................................................................
Siblings of a leukemic child
...................................................................................................................
Combined background risk of leukemia plus r
...................................................................................................................
Additional risk of in utero diagnostic radiation
...................................................................................................................
In utero diagnostic radiation (RERF) data and
...................................................................................................................
US Caucasian  15 years of age
...................................................................................................................
RERF, Radiation Effects Research Foundation; rx, treatment.
...................................................................................................................
Adapted from Miller RW. Epidemiological conclusions from radia
Brent. Saving lives and changing family histories. Am J Obresponse effect or of supporting fdata from animal experimenta-
tion, raises a question about bio-
logic plausibility of a causal
relationship.
Furthermore, Miller points out that
iblings of children with leukemia have
n incidence of leukemia of 1 in 720 per
0 years, which is greater than the 1:2000
isk of leukemia followingpelvimetry ex-
osure and the 1:3000 probability of leu-
emia in the general population of chil-
ren followed up for 10 years (Table 4).
he publicationof Stewart andKneale120
n this subject reinforces the contention
hat radiation may not be the etiologic
actor responsible for the induction of
alignancy because unirradiated sib-
ings of the irradiated patient population
ad a higher incidence than control sib-
ings and control patients. This observa-
ion would indicate that genetic or other
nvironmental factors might be of im-
ortance in the production of leukemia
s well as prenatal diagnostic radiation.
Rugh et al141 irradiated mice with 1.0
y on eachday of gestation andobserved
he incidence of tumors in the offspring.
here was no statistical increase in the
ncidence of tumors in adult animals
Risk
1:5
.........................................................................................................................
1:6
.........................................................................................................................
1:8
.........................................................................................................................
1:60
.........................................................................................................................
1:95
.........................................................................................................................
1:270
.........................................................................................................................
1:720
.........................................................................................................................
tion risk from Stewart117-121 1:2000
.........................................................................................................................
dies (Stewart118) 1:6000
.........................................................................................................................
r cohort studies Risk the
during c
risk is u
Brent10)
.........................................................................................................................
1:3000
.........................................................................................................................
.........................................................................................................................
oxicity studies. In: Fry RJM, Grahn D, Griem ML, et al, eds. Late effe
Gynecol 2009.rom irradiation in utero on any day. f
JANUARY 2009 Amrent and Bolden114 exposed pregnant
ice to doses of 0.30, 0.60, and 0.90 Gy
fter 0.5, 7.5, 8.5, 12.5, and 16.5 days of
estation. They also did not observe an
ncrease in the incidence of tumors.
owever, the presexually mature mouse
as more sensitive than the adult mouse
o the leukemogenic effect of radiation.
he difficulty with animal data is that al-
hough it is interesting, it cannot be uti-
ized to definitively refute human epide-
iology data or biologically valid
ypotheses.
At present, a number of investigators
elieve that in utero exposure to small
mounts of radiation increases the risk
f leukemia and other malignancies,
hereas other investigators seriously
uestion that the embryo is markedly
ore sensitive to the leukemogenic ef-
ects of irradiation when compared
ith the child or adult. Until the mech-
nism is understood, there will be
oubt concerning themagnitude of the
ole of in utero radiation in leukemia
nduction.
The increased incidence of cancer in
hildren exposed in utero to diagnostic
adiation has to be clarified in view of the
Latency
Weeks to months
..................................................................................................................
10-15 y
..................................................................................................................
 10 y of age
..................................................................................................................
3-12 y
..................................................................................................................
Weeks to months
..................................................................................................................
15 y
..................................................................................................................
10 y
..................................................................................................................
10 y
..................................................................................................................
10 y
..................................................................................................................
e for exposure
hood but actual
rtain (Miller79;
Lifetime
..................................................................................................................
10 y
..................................................................................................................
..................................................................................................................
f radiation. London: Taylor & Francis; 1970. p. 245-56.......... .........
......... .........
......... .........
......... .........
......... .........
......... .........
......... .........
adia
......... .........
stu
......... .........
othe sam
hild
nce
......... .........
......... .........
......... .........
tion t cts oact that higher doses of radiation to an-
erican Journal of Obstetrics& Gynecology 15
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1mal embryos and to the children ex-
osed in utero at Hiroshima and Na-
asaki, Japan have not resulted in a
arked increase in the incidence of can-
ers from high doses of radiation, which
ne would expect, if the embryo were as
ensitive to the carcinogenic effects of ra-
iation as Stewart and colleagues
uggest.116-120
One cannot overemphasize either the
mportance of the multiplicity of factors
nvolved or the difficulties in their iden-
ification and control. Even laboratory
xperiments concerned with tumor pro-
uction are difficult to interpret. For ex-
mple, Ross and Bras142 reported that
he incidence of spontaneous tumors
aried with the diet andweight of the an-
mals. Heavier animals on high-protein
iets had a higher incidence of tumors
han did the lighter rats on low-protein
iets. Hence, there are many unan-
wered questions concerning the rela-
ionship between in utero radiation ex-
osure and the occurrence of leukemia
nd solid cancer tumors.
Recently published results of the oc-
urrence of cancer in adults who were
rradiated in utero inHiroshima andNa-
asaki indicate that there is an increase in
he incidence of cancers in the exposed
opulation.143 The long-term study in
iroshima and Nagasaki does not sup-
ort the marked increased incidence in
hildhood malignancies suggested by
tewart and colleagues, and the inci-
ence of cancer in the adults does not
upport themarkedly increased sensitiv-
TABLE 5
Number of patients with solid canc
In utero exposure from the atomic bomb
Dose in Sv (rads) P
 0.005 ( 0.5) 1
...................................................................................................................
0.005 to  0.1 (0.5-10)
...................................................................................................................
0.1 to  0.2 (10 to  20)
...................................................................................................................
0.2 to  0.5 (20 to  50)
...................................................................................................................
0.5 to  1.0 (50 to  100)
...................................................................................................................
 1.0
...................................................................................................................
Total 2
...................................................................................................................
Brent. Saving lives and changing family histories. Am J Obty of the fetus to radiation-induced can- i
6 American Journal of Obstetrics& Gynecology Jer as suggested by Stewart et al.116-120
here is little disagreement with the con-
ept that low doses of radiation to the
mbryo represent a theoretical carcino-
enic risk and that theremay be different
isks following the same exposure at dif-
erent stages of development. The con-
ept that is difficult to explain from a ba-
ic science viewpoint is why would
roliferating embryonic cells be 2 orders
fmagnitudemore sensitive to radiation
han a child’s or adult’s proliferating
ells?
During the final preparation of this
anuscript, the long-awaited results of
he in utero radiation carcinogenic ef-
ects were published in March 2008 in
he Journal of the National Cancer Insti-
ute by Preston et al.143 The data are
ummarized in Tables 5 and 6. The au-
hors concluded:
“Lifetime risks following in utero
exposuremaybe considerably lower
than for early childhood exposure,
but further follow-up is needed.”
There was no statistical increase in the
ncogenic risks of in utero exposed indi-
iduals with exposures less than 0.2 Sv
20 rads) (Table 5). The in utero exposed
opulationwasmuch less sensitive to the
ncogenic effects of radiation than the
hildren that were exposed to the
-bomb143 (Table 6).
It is interesting that the research of
ugh et al141 and Brent and Bolden114
ndicated that the embryonic mouse was
ess sensitive to the oncogenic effects of
nts, n Cancers, n
54
.........................................................................................................................
16
.........................................................................................................................
6
.........................................................................................................................
8
.........................................................................................................................
7
.........................................................................................................................
3
.........................................................................................................................
94
.........................................................................................................................
Gynecol 2009.onizing radiation than the postnatal i
ANUARY 2009ouse. However, both Rugh and Brent
nd Bolden were reluctant to refute
tewart’s conclusion that the radiation
nduced oncogenic risk of the human
mbryo was 2 orders of magnitude
reater than the postnatal human on the
asis of the mouse radiation studies
lone.
Although a dose of less than 0.1 Gy to
he implanted embryo does not result in
significant increase in the incidence of
ongenital malformations, growth retar-
ation, or fetal death, we cannot yet cat-
gorically dismiss low-risk oncogenic ef-
ects at exposures below 0.1 Gy (10 rad).
ven if one believed that the increased
ncogenic risks of low-level radiation
ere real, let us examine how difficult it
ould be to use this information in
ounseling a patient whose embryo has
eceived a dose of perhaps 0.02 Gy (2
ad) during her pregnancy. According to
tewart et al116-120 the risk of leukemia
ollowing this exposure in utero is 1:2000
s 1:3000 in unexposed controls over a
0 year period (Table 4). If one were in-
lined to recommend therapeutic abor-
ion for this embryo because the proba-
ility of developing leukemia is 50%
reater than controls, one would per-
orm abortions in 1999 exposed that
ould not develop leukemia for every
eukemic subject saved.
It is one thing to avoid radiation be-
ause of a potential or conjectured haz-
rd, but it is another matter to recom-
end therapeutic abortion on this basis.
f a physician were inclined to accept this
Person-years Cancers, %
49,326 3.5
..................................................................................................................
14,005 3.7
..................................................................................................................
5041 3.6
..................................................................................................................
5496 4.6
..................................................................................................................
2771 7.6
..................................................................................................................
1404 6.2
..................................................................................................................
94 3.5
..................................................................................................................ers
atie
547
......... .........
435
......... .........
168
......... .........
172
......... .........
92
......... .........
48
......... .........
452
......... .........ncreased probability (1:2000) as a risk
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www.AJOG.org Obstetrics Reviewsreat enough to recommend therapeutic
bortion, he or she would be placed in a
erious dilemma because there are other
pidemiologic situations in which the
isk of leukemia is greater. In fact, the
ypothetical incremental risk for 0.02Gy
f in utero radiation is 1:6000 over a 10-
ear period. It is the combination of the
ontrol risk plus the incremental radia-
ion risk that results in a 1:2000 risk for
hese patients. If one examines Table 4, it
s obvious that the risk of leukemia is
reater in unirradiated siblings of chil-
ren with leukemia (1:720) than in pa-
ients subjected to diagnostic radiation
1:6000) according to the data of Stewart
nd colleagues.116-120
Certainly the position that all future
regnancies of parents with 1 child with
eukemia should be aborted would be
ntenable. One can carry this argument
o its ridiculous extreme by advocating
hat all pregnancies should be aborted
ecause the risk of malformation is ap-
roximately 30-60 per 1000 deliveries,
nd this does not include the probability
f postnatal diseases occurring in these
ffspring. Some may interpret this as a
acetious discussion, but the clinician
nd the patient must recognize that
spontaneous” developmental risks of
regnancy are 2 orders of magnitude
reater than the theoretical risks of on-
ogenesis following in utero diagnostic
adiation exposures.
In 1999, Boice andMiller144 published
heir interpretation of the data pertain-
ng to the oncogenic risks of low-level in-
TABLE 6
Number of patients with solid canc
Early childhood exposure from the atomic
Dose in Sv (rads) P
 0.005 ( 0.5)
...................................................................................................................
0.005 to  0.1 (0.5-10)
...................................................................................................................
0.1 to  0.2 (10 to  20)
...................................................................................................................
0.2 to  0.5 (20 to  50)
...................................................................................................................
0.5 to  1.0 (50 to  100)
...................................................................................................................
 1.0
...................................................................................................................
Total 1
...................................................................................................................
Brent. Saving lives and changing family histories. Am J Obrauterine radiation. They noted, “Evi- nence for a causal association derives
lmost exclusively from case-control
tudies, whereas practically all cohort
tudies find no association,most notably
he series of atomic bomb survivors ex-
osed in utero.” Learned debate contin-
es as to the causal nature of low-level
ntrauterine radiation exposure and sub-
equent cancer risk. The association is
ot questioned, but the etiologic signifi-
ance is. Different scientists interpreting
he same data have different opinions as
o the causal nature of the association
nd the possible level of risk.138,143-149
The most recent conclusions from the
adiation Effects Research Foundation
ebsite143 with regard to the oncogenic
ffects of in utero radiation in the atomic
omb survivors is stated as follows: the
n utero exposed population was much
ess sensitive to the oncogenic effects of
adiation than the children that were ex-
osed to theA-bomb143 (Tables 5 and 6).
After reading the multiple opinions
oncerning the leukemogenic and onco-
enic risks of low-level radiation expo-
ures that occur from diagnostic radio-
ogical procedures, the physician can be
laced in the untenable position of hav-
ng to counsel a pregnant woman who
sks the following question: “I am 2
onths pregnant and had a CT scan of
y abdomen. What is my child’s risk of
eveloping cancer?”
Although there are a few ways of ex-
laining the risk of cancer to a mother of
child that has been exposed to diagnos-
ic irradiation during childhood or preg-
b
nts, n Cancers, n
49 318
.........................................................................................................................
28 173
.........................................................................................................................
53 38
.........................................................................................................................
59 51
.........................................................................................................................
25 21
.........................................................................................................................
74 48
.........................................................................................................................
88 649
.........................................................................................................................
Gynecol 2009.ancy, we do not know the exact risk at m
JANUARY 2009 Amhese low exposures. Theremay not even
e a measurably increased risk at expo-
ures in the diagnostic radiological
ange, according to themost recent pub-
ication by Preston et al.143
We do know the following facts:
. Approximately 18% of the popula-
tion will develop a malignancy. That
means that 18,000 of every 100,000
persons will develop cancer. You can
be optimistic and indicate that the
cure rate for cancers is increasing ev-
ery year, and you can point out that
the greatest improvement in cure
rates has occurred in the childhood
cancers.
. You can indicate that the data from
Hiroshima and Nagasaki has not re-
corded a single case of childhood leu-
kemia in the population that was ex-
posed to radiation in utero.
. You can report that the latest publica-
tion from the data obtained from
studying the cancer rate in the popu-
lation exposed in utero following the
atomic bomb indicates that there is a
threshold for oncogenic effects at less
than 0.2 Sv (less than 20 rad)143 (Ta-
ble 5). That means that there may not
be a risk for the oncogenic effects of
ionizing radiation from diagnostic
radiological exposures
The language that is used to explain
he risks can decrease or promote con-
ern. Your patient reads in the newspa-
er or on the internet that a CT scan ex-
osure has a 1 in 5000 risk of resulting in
ancer, keeping in mind that the infor-
Person-years Cancers, %
247,744 3.7
..................................................................................................................
134,621 3.8
..................................................................................................................
25,802 4.4
..................................................................................................................
25,722 5.9
..................................................................................................................
9522 6.5
..................................................................................................................
7620 17.5
..................................................................................................................
451,031 4.2
..................................................................................................................ers
bom
atie
85
......... .........
45
......... .........
8
......... .........
8
......... .........
3
......... .........
2
......... .........
5,3
......... .........ation is most likely incorrect. How
erican Journal of Obstetrics& Gynecology 17
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1ould you communicate the risk to your
atient? There are 3 possibilities:
. you have a 1 in 5000 risk of develop-
ing cancer from this x-ray study;
. you have a 4999 in 5000 probability of
not developing cancer from this x-ray
study; or
. would you just say, I do not know the
risk, but it is very, very small or not
increased at all.
It is important to understand thatmany
ay individuals are not trained in interpret-
ng risks. Many individuals will travel to a
asino or buy tickets for the state lottery
ith a 1 in 5 million chance of winning.
owever, if the individualwas told thathe/
hehad a 4,999,999probability of notwin-
ing, it would dampen enthusiasm for
ambling.Keep that inmindwhenyou are
ounseling patients concerning their on-
ogenic risks.
ounseling pregnant women
nd men and women
f reproductive age with regard
o the reproductive
nd developmental risks
rom radiation exposures
xperience with thousands of consulta-
ions in the clinic, on the telephone, by
etter, and, most recently, via the Inter-
et has taught usmany lessons about the
isinformation that patients receive
oncerning the reproductive and devel-
pmental risks of radiation exposures
hat have been provided by physicians,
urses, doctors in training, other health
are professionals, friends of the patient,
he newsmedia, and the Internet. Unfor-
unately,wehave learned thatmanyphy-
icians and other counselors are not pre-
ared to counsel patients concerning
adiation risks. Approximately 8%of the
ebsite contacts, who had consulted a
rofessional, were provided inaccurate
nformation that could have resulted in
n unnecessary interruption of a wanted
regnancy.
Too frequently, advice is provided to
he patient without performing an ade-
uate evaluation that is necessary to de-
ermine whether there is a measurably
ncreased risk to the mother and/or her
eveloping embryo.11,16,19-22,53,115,150-153
Whereas the individual contacting a
ounselor or physician may be the pa- e
8 American Journal of Obstetrics& Gynecology Jient, the husband, a relative, or a friend,
he counselor needs to have the follow-
ng information:
. Is the contact pregnant, possibly
pregnant, or planning to become
pregnant?
. If the contact is pregnant, does she
know the date she became pregnant?
Does she know the date of the first day
of her last menstrual period?
. Does she know the date of conception
from other sources: an ultrasound
that timed the pregnancy or a date
when intercourse took place that is
consistent with other information
about timing?
. Are there historical pregnancy risks
for the mother or the family? For ex-
ample, a history ofmiscarriages, birth
defects, infertility, or serious illnesses
in the contact, parents, or siblings.
. What was the type of radiation expo-
sure? Lay individuals confuse ioniz-
ing radiation with nonionizing radia-
tion and microwave antennas with
microwave receivers (dishes).
. If the contact is concerned about ion-
izing radiation, has the exposure to
the embryo been estimated by a qual-
ified health physicist? Was the expo-
sure an acute, protracted, or fraction-
ated exposure?
. Has the contact sought advice from
another counselor about the develop-
mental risks of this exposure?
. Was this a planned or wanted preg-
nancy? What are their concerns and
thoughts about the pregnancy?
An evaluation should be made with
oth patient and counselor arriving at a
ecision. The counselor should record
his information, noting that the patient
as been informed that every pregnancy
as a significant risk of problems, and
hat the decision to continue the preg-
ancy does not mean that the counselor
s guaranteeing the outcome of the preg-
ancy. The use of amniocentesis and ul-
rasound to evaluate the fetus is a deci-
ion that would have to be determined
or each contact.
Many other issues may occur during
his interaction with the contact. In e-
ail interactions, it may take as many as
0 interactions before a reasonable risk
stimate can be provided to the contact. t
ANUARY 2009ecause many of the contacts are con-
erned, anxious, or distraught, it is
ometimes possible to give a presump-
ive risk analysis to the patient while
aiting formore information (ie, the ac-
ual radiation exposure). Rarely, there is
ot enough information to provide a de-
nitive risk analysis to the contact.
Table 1 summarizes the estimated de-
elopmental risks that can be utilized by
ounselors when evaluating ionizing ra-
iation exposures to the embryo.
An overview of these risks is as follows:
The risks of the vast majority of most
diagnostic radiological procedures do
not represent significant reproductive
risks and do not warrant the interrup-
tion of wanted pregnancies.
Therapeutic radiation and therapeutic
radionuclide procedures do represent
potential developmental risks; how-
ever, each case has to be evaluated be-
cause not infrequently, the risks are
also not increased, depending on the
part of the body being irradiated and
the calculated exposure to the fetus.
Evaluation of the allegation of radia-
tion-induced malformations necessi-
tates detailed analysis and cannot be
performed superficially.
There is not always enough informa-
tion to draw definitive conclusions
about whether there is an increased
risk for developmental or reproduc-
tive effects. It is difficult for a physician
and scientist to say, “I do not know the
answer to your question.”
It is most important that a counselor
nderstand that his/her task is primarily
o provide an accurate, scientifically
ased risk analysis. It is not the coun-
elor’s responsibility to tell the patient
hat to do, although it is appropriate to
iscuss all options that are within the
aw.
summary of interaction
n the health physics
regnancy website,
sk the expert (ATE)154,155
he pregnancy website is the largest com-
onent of the Health Physic’s Society’s
HPS.org) ATE website. The pregnancy
ection of the Ask the Expert website is the
ost frequently contacted section. In 2007he pregnancy website of the Health Phys-
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www.AJOG.org Obstetrics Reviewscs Society (HPS) received 1,299,672 visits.
he contacts who downloaded informa-
ion totaled 620,035.
It would be impossible to provide the
nswers to the numerous types of ques-
ions that are received on the pregnancy
ebsite.However, thewebsite lists scores
f questions and the answers that have
een provided. Go to HPS.org and click
n the section Ask the Expert. Then click
n Pregnancy.
This publication has concentrated on
he developmental risk of embryonic ex-
osures. Approximately 20% of the
uestions are concerned with radiation
xposure to the testicles and ovary and
he effect on fertility and the genetic risks
o the future offspring. These precon-
eption exposure questions are answered
n thewebsite.Oneof themost common
uestions is how long do I have to wait if
y spermor ova have been exposed dur-
ng a diagnostic radiological procedure.
he accepted answer is 2 spermatic cy-
les for the man and 3 menstrual cycles
or the woman. This is a very conserva-
ive approach because the risk of genetic
isease after such low exposures is ex-
remely small and there is no increased
isk of infertility.
After reading the website information,
442 individuals who were still con-
erned contacted the website directly
bout their particular exposure and its
isk. The contact still had questions or
as concerned and anxious. In 2007, we
rovided our 20,000th consultation.
hese consultations come from all over
he world. Most contacts receive a re-
ponse within 24 hours. Frequently, the
ontact has been sitting at the computer
aiting for an answer to their questions.
he benefit of the website to patients
rom all over the world and their appre-
iation for receiving an objective, com-
assionate response is very much appre-
iated by the consultants of the Health
hysics website, Ask the Expert. Thema-
ority of contacts send simple notes of
ppreciation such as, “Thank you so
uch. You are doing a priceless job by
eaching out to people.”
Many notes of appreciation are exten-
ive and inform the counselor that the
nformation has been crucial in relieving
istress and concern about the radiation dxposure. These interactions also reveal
ow much misinformation physicians
ndother health professionals provide to
he families.
Comments by health professionals
nclude:
“You are healthy; why take a chance?
bort the baby and try again.”
“Your baby will have a 50% chance of
eing mentally retarded from that chest
-ray.”
Although counselors may provide
isinformation to their patients, the in-
ernet is much worse.
A not infrequent comment is: “Thank
od for the Health Physics website, Ask
he Expert. It is a lifesaver.”
Probably the most important accom-
lishment is the knowledge that hun-
reds and hundreds of planned or con-
idered abortions were canceled. These
ecisions can radically modify the life of
family.
rsNancy Joerg’s comments
ancy Joerg was one of the participants at
he 1977 annual National Council for Ra-
FIGURE 7
Three photographs of the Joergs fa
ur laboratory has scores of photographs of mo
ecause of a radiation exposure during their preg
ur laboratory and obtained information that indi
isk. Mrs Nancy Joerg and her daughter Jeanette
emonstrates 3 generations in their family. Mr
regnancy with Jeanette, the child in the phot
aboratory. Jeanette is shown at the age of 16 yea
er mother to tell their story as to how their lives
he photograph on the right is a picture of Jeane
here is a statement by Mrs Joerg explaining this
t has changed their family’s lives.
eprinted with permission from Jeanette Joerg Turley.
rent. Saving lives and changing family histories. Am J Obsteiation Protection (NCRP) meeting. The
JANUARY 2009 Amnnual meeting was devoted to the repro-
uctive and developmental risks of all
ypes of radiation. Mrs Joerg spoke to the
CRP about her personal experience of
anceling a scheduledpregnancy interrup-
ion after receiving counseling by tele-
hone in 1975. She had been told to abort
er pregnancy by 3 physicians, 2 obstetri-
ians, and a medical geneticist. Her story
as published in the monograph dealing
ith the 1997 symposium.156
In a recent letter fromMrs Joerg, she
nformed me that the child who had
een scheduled for a pregnancy inter-
uption in 1975 is married and has 2
hildren (Figure 7). Mrs Joerg explains
ow that phone call in 1975 has
hanged her life.
n excerpt froma letter
romNancy Joerg, 2006
I sometimes think back to 1975 and
wonder what my life would have
been like if Jeanette had not been
born.Not onlywould I not havemy
beautiful daughter Jeanette and no
ly
rs, who were told to interrupt their pregnancies
cy, and their children. These families contacted
d that the embryo or fetus was not at increased
e us permission to show this photograph, which
oerg was scheduled for an interruption of her
ph as an infant, before Mrs Joerg called our
hen she came to the NCRP meeting along with
re changed when the interruption was canceled.
with 2 of Mrs Joerg’s grandchildren. In the text,
isode in 1975 when Jeanette was born and how
necol 2009.mi
the
nan
cate
gav
s J
ogra
rs w
we
tte
ep
t Gygranddaughters in my life, I would
erican Journal of Obstetrics& Gynecology 19
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2have a lifetime of sadness and loss
because I had followed the advice of
3 doctors who knew nothing about
the risks of radiation. That is what
was tormenting me when I called
you in 1975. On what scientific or
medical datawas the decision to ter-
minate the pregnancy based? The
incredibly important scientific and
medicalworkof the scientists study-
ing the effects of radiation on the
embryo has had a direct and per-
sonal impactonmyself andmy fam-
ily. I can never thank you enough.
The impact of that phone call in
1975 on my family and future gen-
erations of my family is beyond
description.
note of appreciation to all
he individualswhohave sought
dvice and counseling
aboratory scientists who work with
nimals may never see their research
enefit a single patient in their lifetime,
lthough their research may be concep-
ually important and useful scientifically
r clinically at a future date. Yet the re-
ults of radiation embryology research
as affected and benefited the lives of
housands of families. Just as important
s the willingness and persistence of sci-
ntists to debate the controversial issues,
ttempt to resolve the controversies, and
hen apply the best science to assist pa-
ients in turmoil about the risks of radi-
tion to their offspring.
As a physician, I must thank the thou-
ands and thousands of patients who
ave contacted a stranger that they have
evermet to reveal the intimate details of
heir reproductive problems. I have met
nly a very few of these contacts and
wice have had the pleasure and honor to
eet with Mrs Joerg and her daughter
eanette (Figure 7), as an infant, teen-
ger, andmother). Almost all ofmy con-
acts have been by telephone, letter, or
he internet, so in most instances, we
ave never personally met. Fortunately,
e have scores of photographs on the
ewborns in our files.
I have had the good fortune to experi-
nce amostmemorable and exciting life-
ime scientific journey in the filed of ra-
iation biology and genetics. To be able i
0 American Journal of Obstetrics& Gynecology Jo apply the result of this research to clin-
cal situations involving radiation expo-
ures has provided me with rewards that
ould be priceless to any physician: the
pportunity to positively change the
ives of thousands of patients. f
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ppendix
ounseling patients exposed to
onizing radiation concerning
eproductive anddevelopmental risks
he obstetrician, radiologist, internist,
amily physician, radiologist, or health
hysicist may have the responsibility for
valuating the risks of environmental
oxicant exposure to the pregnant pa-
ient and her embryo and men and
omen of reproductive age. When eval-
ating the risks of ionizing radiation, the
ounselor can be faced with various clin-
cal situations. Four types of encounters
re briefly described in the following
aragraphs.
. The first situation involves a pregnant
or possibly pregnant patient who pre-
sents with clinical symptoms that
need to be evaluated. What is the ap-
propriate utilization of diagnostic ra-
diological procedures that may ex-
pose the embryo or fetus to ionizing
radiation? A pregnant or possibly
pregnant woman complaining of gas-
trointestinal bleeding or pain or an
abdominal or pelvic mass that cannot
be attributed to pregnancy deserves
the appropriate studies, including ra-
diological ones, to diagnose and treat
her clinical problems. The studies
should be performed in a timely and
appropriate manner to minimize the
exposure and maximize the goal of
making the correct diagnosis. The
JANUARY 2009 Amstudies should be performed at the
time they are clinically indicated,
whether the woman is in the first or
second half of the menstrual cycle.
Furthermore, these studies should
not be relegated to 1 portion of the
menstrual cycle. The first half of the
menstrual cycle is a time when the
woman is not pregnant. Conception
occurs midway during the menstrual
cycle. The second half of the men-
strual cycle is when the embryo has
not yet initiated differentiation and is
less sensitive to the teratogenic effects
of radiation, although it is sensitive to
the lethal effects of radiation. Animal
studies indicate that the threshold for
lethality during this very early stage of
development is between 0.15 and 0.2
Gy, but one cannot apply these results
directly to the human embryo.
. In another example, a radiologist has
been asked to perform an elective ra-
diological diagnostic study for em-
ployment or follow-up that is not an
emergency, so the approach should
be different. The radiological study
can be postponed until the beginning
of the next menstrual period. If the
patient and physician are certain the
patient is not pregnant or has a nega-
tive pregnancy test and has not had
intercourse for a lengthy period, then
the elective examination can be per-
formed at that time. The situation is
complicated when the woman has ir-
regular menstrual cycles. In that situ-
ation, the diagnostic study can be per-
formed after the next menstrual cycle
begins. However, even in that situa-
tion, a pregnancy test should be per-
formed.
. Another clinical situation that the
counselor may face is that the patient
has completed a diagnostic procedure
that has exposed her uterus to ioniz-
ing radiation. This can occur with the
following studies: (1) abdominal flat
plate or CT of the abdomen or pelvis;
(2) barium enema; (3) gastrointesti-
nal series; (4) x-rays of the lower
spine; (5) intravenous pyelogram
(IVP); (6) hysterosalpingogram; (7)
bladder x-rays; or (8) hip x-rays or
IVP. For example, the procedure was
necessary to rule out a gastrointesti-
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2nal disease or a genitourinary prob-
lem because of abdominal pain. The
examination revealed that the patient
had a duodenal ulcer. The procedure
was necessary; however, the patient
now believes she was pregnant at the
time of the procedure. If you are the
counselor, what is the proper re-
sponse to this situation?
. Explain that you would have pro-
ceeded with the necessary x-ray diag-
nostic test whether she was pregnant
or not because diagnostic studies that
are indicated in the mother have to
take priority over the possible risk to
her embryo because almost no diag-
nostic studies increase the develop-
mental risks to the embryo. At this
time, obtain the calculated dose to the
embryo and determine the woman’s
stage of pregnancy. If the dose is be-
low 0.1 Gy (ie, 10 rads), you can in-
form the mother that her risks for
birth defects and miscarriage have
not been increased. In fact, the
threshold for these effects is 0.2 Gy or
greater; thus, the 0.1 Gy exposure is
far from the threshold exposure. If
the exposure is less than 0.10Gy, then
the risks are also not increased. Even
higher total exposures from multiple
procedures over a period of days may
not increase the risk of developmental
effects; however, decisions about
what is appropriate advice becomes
more complex. Remember that we
are concerned about the fetal expo-
sure, not the dose estimate to the skin
or other parts of the body.
. Another clinical situation that the
counselor may face is that a woman
4 American Journal of Obstetrics& Gynecology Jdelivers a babywith a serious birth de-
fect. On her first postpartum visit, the
woman recalls that she had a diagnos-
tic x-ray study early in her pregnancy.
What is your response when she asks
youwhether the baby’smalformation
could be caused by the radiation ex-
posure? In most instances, the nature
of the clinical malformation will rule
out radiation teratogenesis. Radia-
tion-induced malformations have a
confined group of malformations
that identifies the radiation terato-
genic syndrome, and many malfor-
mations have never been reported,
even following intrauterine radiation
exposures that are known to produce
congenital malformations. In this sit-
uation a clinical teratologist or radia-
tion embryologist could be of assis-
tance. On the other hand, if the
exposure is below 0.1Gy, it would not
be scientifically appropriate to indi-
cate that the radiation exposure was
the cause of the malformations. As
mentioned before, the threshold for
major malformations is 0.20 Gy.
Dose, timing, and the nature of the
malformation would enter into
this analysis. With approximately 15-
25%ofmalformed children, a genetic
disease is diagnosed. If that is the case,
the malformations could not have
been caused by an intrauterine expo-
sure to ionizing radiation.
. For a counselor, the most difficult
situation of the 4 possible ones
mentioned is when external radia-
tion therapy or high exposures of
radionuclides have been utilized in
a pregnant woman or a woman who a
ANUARY 2009became pregnant during the radia-
tion therapy. Although this is a seri-
ous situation, there are instances
when the exposure to the embryo is
low. Low exposures to the embryo
may occur when radiation therapy
is directed toward the head, neck,
upper chest, or the extremities. Ad-
ministered radionuclides are special
problems because each radionu-
clide has a different half-life, metab-
olism, and excretion. Therefore,
each patient needs the expert evalu-
ation of a competent medical or
health physicist to determine what
the fetal exposure will be or has
been, depending on the nature of
the radiation exposure. Rarely, the
patient may have received the
course of therapy or be in the mid-
dle of the therapy when the preg-
nancy is discovered. That can be
very upsetting to everyone: patient
and physician. The exposure to the
fetus can be calculated and appro-
priate counseling can be delivered.
When the radiation therapist knows
that the patient is pregnant, then the
situation is much more advanta-
geous because the fetal exposure can
be estimated before the onset of
therapy.
To appropriately and more com-
letely respond to all these situations, the
ounselor should rely on the extensive
mount of information that has accu-
ulated on the effects of radiation on the
mbryo. In fact, there is no environmen-
al hazard that has beenmore extensively
tudied or onwhichmore information is
vailable.
